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Abstract

Meyerholz, Irzinger, Withéft, Gerlach, and Pohl (2019) reported on a comparably large effect
(d=1.21) of a contingent biofeedback procedure on cardiac accuracy as assessed by the
heartbeat tracking task. However, this task has recently been criticized as a measure of
interoceptive accuracy. We aimed to replicate this finding by using the well-validated heart-
beat discrimination task and to compare the biofeedback with a deep breathing and a control
condition (viewing a film clip). The trial was preregistered at open science framework
(https://osf.io/9fxn6). Overall, 93 participants were randomized to one of the three conditions
and the heartbeat discrimination task was presented prior and after the 20-minutes training
sessions. The study had a power of .86 to detect a medium-sized effect in the biofeedback
group and a power of .96 to detect a medium-sized interaction of intervention group and
time. A general tendency for improvement in heartbeat detection accuracy was found across
intervention groups (d=0.19, p=.08); however, groups did not differ significantly. In particu-
lar, there was no significant interaction of intervention group and time (f=.00, p=.98) and
no reliable effect for the biofeedback group (d=0.15, p=.42). One limitation is that a differ-
ent, but well-validated task was used to quantify interoceptive accuracy. This study suggests
that biofeedback might not improve interoceptive accuracy in the cardiac domain, but effects
seem to depend on the specific task applied.

1. Introduction

In a previously published report, Meyerholz, Irzinger, Withoft, Gerlach, and Pohl [1] found
that a brief 20-minutes contingent biofeedback procedure resulted in a large-scaled improve-
ment of interoceptive accuracy as assessed with the heartbeat tracking task, which measures
interoceptive accuracy by means of comparing the perceived heartbeats with actual heartbeats
of a predefined time period (e.g., 25 sec, 45sec, etc. [2, 3]). Specifically, the biofeedback training
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was based on an animated heart symbol presented 200ms after R-wave detection and partici-
pants were instructed to press a button after a pre-defined number of heartbeats (2, 3 or 4
heartbeats). In the later training phases, the heart symbol was not presented. The authors con-
clude that cardiac biofeedback could improve interoceptive accuracy in the cardiac domain.

As the authors discuss themselves, the heartbeat tracking task has been criticized, because
(implicit) knowledge about the own heartbeat could lead to better task performance [4, 5] and
participants might achieve high accuracy without heartbeat perception, but accurate knowl-
edge of heart rate [6]. Indeed, recent research seriously questions the validity of this task [7-9].
An alternative approach involves discrimination between true and false sensory feedback of
individual heartbeats [10]. Although discrimination tasks have been criticized, because they
may not solely warrant allocation of attention on internal and organismic cues [11], the inte-
gration of external and internal signals is a part of interoception [6] and fundamental for self-
consciousness [12]. Heartbeat discrimination may be considered more valid [13, 14], since it is
more robust against changes of (implicit) knowledge [4, 6, 10], and was suggested to be a pre-
requisite for heartbeat tracking [6]. Furthermore, some authors recommended the application
of signal detection theory to study interoceptive accuracy [1, 7], which is implemented in dis-
crimination tasks and allows to assess perceptual sensitivity separately from other non-percep-
tual factors [10]. Of note, interoceptive accuracy has been differentiated from self-evaluated
assessments of subjective interoception and metacognition—that is the ability to discriminate
correct from incorrect perceptual decisions [15, 16].

Therefore, the heartbeat discrimination task in combination with signal detection theory
seems to be a good choice to replicate the training effects of Meyerholz et al. [1], since it allows
to measure interoceptive accuracy independently from heartbeat-related knowledge [6] and
the quantification of interoceptive metacognition—indicating the knowledge about own inter-
oceptive performance [16]. The study-results may verify the validity of the reported contingent
training effects and could indicate potential transfer-effects. Specifically, if the biofeedback
training indeed enhances cardiac interoceptive accuracy, performance increases in the dis-
crimination task could be expected. We used the very same training and passive control condi-
tion as Meyerholz et al. [1].

In order to extend the study of Meyerholz et al. [1], a further training condition was realized.
Based on recent findings of an optimization of blood flow in brain areas associated with intero-
ception (e.g., insula) due to deep nasal breathing [17], we aimed to examine the efficacy of a
coherent breathing intervention on cardiac interoceptive accuracy. Of note, breathing at about
0.1Hz (i.e., 6 breaths per minute) has been associated with beneficial effects on physiology and
psychological functioning [18, 19]. Slow breathing may induce resonance, meaning that metab-
olism in different physiological systems is synchronized and optimized [20, 21]. Furthermore,
breathing seems to be important for corporal awareness [22], might change the focus of atten-
tion on internal body processes, and seems to activate an interoceptive network including the
insula [17, 23], thus specifically coherent breathing potentially benefits interoception.

Taken together, firstly, we expected an increase in performance during the biofeedback
training. Secondly, we hypothesized that the biofeedback training and the breathing condition
would lead to an increase of interoceptive accuracy, in contrast to the control condition.
Thirdly, we hypothesized that the training may increase the metacognition of participants.

2. Methods
2.1 Participants

Based on the original study, which reported a large effect for the biofeedback group
(d =1.21) and a large effect for the between (group) x within (pre/post) interaction
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Fig 1. CONSORT flow chart illustrating the flow of participants through the study.

https://doi.org/10.1371/journal.pone.0248246.9001

(n,” = .24, f= 0.56), the required sample size for a mixed ANOVA 2 x 3 design given a
power of .95 and moderate correlation between measures was N = 21 (G*power 3.192; [24]).
However, due to overly large and biased effect size estimates of many (unregistered) pri-
mary studies [25, 26], we based sample size calculation on the assumption of small to
medium effects (d = .30, np2 =.05) with a power of .90. The resulting sample size was N = 90
(30 participants in each group). We strived to sample 93 individuals to account for drop-
outs. See Fig 1 for the flow of participants through the study. It should be noted that in the
original study women (n = 74) were more prevalent than men (n = 26). Mean age was 23.95
years (SD = 4.18), which was slightly younger as compared to the original sample (M =
25.28, SD = 5.67). Due to technical problems the blood pressure of one participant and the
heart rate of another participant were missing. Eligibility included a) being over 18 years
and b) no regular yoga, meditation, mindfulness-related practice, or the use of heartbeat
trackers. Ethics approval was granted by the Ethics Committee of the university of Graz
(reference number: GZ.39/59/63 ex 2018/19), and the parallel randomised control trial was
pre-registered in the Open Science Framework (https://osf.io/9fxn6). All participants gave
their written informed consent.
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2.2 Procedure and material

Participants were recruited at Graz from September to October 2019 via web, and flyer-based
advertisements. They were randomly assigned to either of the three groups at a 1:1:1 ratio (see
Fig 1). The second author generated the random allocation sequence by the Excel random
number generation function, enrolled participants, and assigned them to the interventions,
when they occurred at the laboratory. Although participants and the second author delivering
the intervention could not be blinded to treatment assignment, the assessor conducting out-
come assessments was blinded. Each condition lasted 20 minutes. Groups did not significantly
differ on relevant variables (e.g., age, sex, education, pre/post heartrate, lifestyle variables). The
only significant difference was found in the not-worrying subscale of the multidimensional
assessment of interoceptive awareness (MAIA; [27]), where participants in the control condi-
tion showed slightly higher scores as compared to participants in the contingent biofeedback
group (see Table 1).

2.2.1 ECG. The ECG was recorded with a Biopac MP150 amplifier system (1000Hz) run-
ning AcqKnowledge 4.3 (standard lead II configuration). The R-waves were identified with the
Accusync® 72 ECG Trigger Monitor, which sent R-wave contingent triggers to the computer
running the biofeedback training and the heartbeat discrimination task (PsychoPy; [28]).
Auditory stimuli were presented via stereo loudspeakers approximately 2m in front of the par-
ticipants, who sat in a separated quiet and light attenuated room in a comfortable chair (1m in

Table 1. Descriptive data of the three experimental groups.

Age
Waist-to-hip ratio
Trait anxiety (STADI)

Factors of interoceptive awareness (MAIA
subscales)

Noticing

Not-Distracting
Not-Worrying

Attention Regulation
Emotional Awareness
Self-Regulation

Body Listening

Trusting

Pre-intervention HR (BPM)
Post-intervention HR (BPM)
BP systolic (mm/Hg) before/after baseline

BP diastolic (mm/Hg) before/after baseline

Gender
Smoking
Physical activity

Education

Contingent biofeedback Coherent breathing Control condition F/Chin2 P
24.13 (4.97) 23.75 (3.94) 23.97 (3.62) 0.064 938
78 (.06) .81 (.06) 79 (.16) 0.825 441
36.81 (7.44) 34.91 (9.31) 37.10 (8.56) 0.619 541
4.13 (0.76) 3.98 (0.85) 4.23(0.92) 0.639 .530
3.31 (0.89) 3.36 (0.89) 3.24(0.77) 0.153 .858
3.26 (0.71) 3.50 (0.82) 3.82 (0.93) 3.613 031
3.65 (0.64) 3.72 (0.94) 3.90 (0.75) 0.757 472
4.59 (0.65) 4.43 (1.02) 4.66 (0.83) 0.595 554
3.27 (0.79) 3.66 (1.06) 3.55 (0.94) 1.437 243
3.13(0.78) 3.43 (1.03) 3.20 (1.05) 0.827 .440
4.59 (1.00) 4.93 (0.99) 4.58 (1.06) 1.192 .308
73.00 (10.33) 74.00 (11.04) 75.98 (12.74) 0.537 .586
69.47 (9.93) 71.58 (11.03) 72.20 (11.07) 0.506 .605
133.71 (18.06)/ 124.58 130.10 (11.88)/ 119.81 132.30 (17.87)/ 126.23 0.393/ 676/
(15.41) (10.44) (17.74) 1.559 216
72.32 (8.43)/ 71.32 (7.91) 69.68 (7.20)/ 66.61 (7.24) 73.37 (10.04)/ 69.57 (10.77) | 1.493/ .230/
2.295 .107
10m/21w 17m/15w 18m/12w 5.14 .077
26n/5y 26n/6y 22n/8y 1.13 .569
13n/18y 8n/24y 8n/22y 2.53 283
21h/10u 22h/10u 16h/14u 1.96 376

Note. Smoking and physical activity were assessed by one question with a dichotomous yes (y) and no (n) answer. Education was dichotomous with high school (h) and

university (u). BP = blood pressure. HR = heartrate. BPM = beats per minute. MAIA = Multidimensional Assessment of Interoceptive Awareness, STADI = State Trait

Anxiety Depression Inventory.

https://doi.org/10.1371/journal.pone.0248246.t001
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Fig 2. Procedure of the pre-registered replication study.

https://doi.org/10.1371/journal.pone.0248246.9002

front of a computer screen). The instruction conformity was monitored by the experimenter
via two cameras. A pre/post resting ECG with 3 minutes duration was recorded (Fig 2).

2.2.2 Heartbeat discrimination task. Interoceptive accuracy was measured by the heart-
beat discrimination task. Auditory playback of the participants” heartbeats were presented with
either a minimal (230ms) or prolonged (540ms) delay [10, 29, 30]. The task was to decide, after
10 tones (50ms duration; [29]), if the feedback accurately represented (was synchronous with)
the own heartbeats or not. Thereafter the participants rated the confidence in perceiving their
own heartbeat on a visual analogue scale form “total guess” to “complete confidence” [15]. First,
one training block with 20 trials was conducted. The assessment of participants’ interoceptive
accuracy consisted of 40 trials (in two blocks) for the pre/post intervention separately [31].
Interoceptive accuracy was indexed by d-prime [10, 29] with d = Zpi¢ yate=Zfatse alarm rate (Z refers
to the normal inverse cumulative distribution function).

Metacognition, that is knowing when making good or bad interoceptive decisions was
determined by the area under a type II receiver operating characteristic curve [15, 16, 32]. We
differentiated between positive and negative predictions and participants who thought to
make good interoceptive decisions but did worse were indexed with a score lower than .5 (sim-
ilar logic see [33]). With other words, participants who showed a negative association between
subjective ratings and objective performance (systematically evaluating the interoceptive per-
formance as good when showing poor accuracy) were indexed with scores lower than .5.

2.3 Experimental manipulation

2.3.1 Contingent biofeedback training. The training was exactly conducted as described
by Meyerholz et al. [1] and consisted of twelve initial trials to get familiar, followed by three
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blocks with 48 trials each. There was a short break of 15s in the middle of each block and a lon-
ger break between the blocks (max. 1min). In each trial, participants were asked to press a key-
board-button after 2, 3 or 4 consecutive heartbeats. Participant’s responses were classified as
correct, if the button press fell within 200ms - 450ms after the final R-wave in the ECG. In the
first 24 trials of each block, participants received a visual feedback (i.e., animated heart symbol)
on their heartbeat (200ms delay) on the monitor. The intervals between the trials varied
between one and four heartbeats. The number of heartbeats until button press and the inter-
vals between the trials were pseudo-randomized. Participants received feedback after each trial
in form of a checkmark (correct response) or a cross (false response) and after 24 trials by
means of a percent-correct number.

2.3.2 Coherent nasal breathing. Participants were instructed to breathe at their individ-
ual resonance frequency ([21], p. 23), which was determined during normal breathing at the
baseline before the slow-paced nasal breathing intervention. A power spectral density analysis
was applied to determine the individual resonance frequency. Specifically, the highest peak in
the power spectrum within the HRV low frequency band (0.04-0.15Hz) was analyzed. If the
highest peak fell above 0.12Hz or below 0.07Hz (19% of the subsample), respiratory frequency
was set to 0.1Hz in order to comply with research favoring the benefits of slow breathing [18,
34]. The slow-paced nasal breathing consisted of seven blocks of two minutes each with one
minute of rest in between (12 slow-paced training-breaths before intervention). Pacer stimuli
were presented on a monitor: Inhalation was guided by an enlarging bar and exhalation by a
lessening bar.

2.3.3 Control condition. Similar to Meyerholz et al. [1], participants watched a nature
documentary for 20 minutes.

2.4 Questionnaires

2.4.1 Interoceptive awareness. The Multidimensional Assessment of Interoceptive
Awareness (MAIA; [27]) is a self-report measures and was used to assess several factors of par-
ticipants’ interoceptive awareness (German version, [35]). It is composed of 32 items, which
are rated on a six-point Likert-Scale from 0 = never to 5 = always. The MAIA assesses eight
concepts of interoceptive awareness (i.e., noticing, not-distracting, not-worrying, attention
regulation, emotional awareness, self-regulation, body listening, trusting) with good psycho-
metric properties (Cronbach’s o of subscales ranged from .66 to .87). In the present study, the
subscales not-worrying (o = .44), not-distracting (o = .59), noticing (. = .61) showed low
internal consistencies, while the other scales showed satisfactory Cronbach’s o of >.70.

2.4.2 STADI. The State Trait Anxiety Depression Inventory (STADI; German version,
[36]; based on [37]) was used to asses participants’ trait level of anxiety and depression by
means of 20 items. All items were rated on a four-point Likert scale from 1 “nearly never” to 4
“nearly ever”. For the purpose of the present study we calculated a total score of the STADI
(indexing negative affectivity) to control for differences between the intervention groups. The
Cronbach’s a of this total score was .91.

2.5 Data analysis

The within-training effect was analyzed with an ANOVA for repeated measures and the factors
block (block1/block2/block3) and phase (visual/no feedback). A mixed 3 (contingent biofeed-
back/coherent nasal breathing/control) x 2 (pre/post) ANOVA with the factors group and
time was calculated to examine group specific effects on performance. Moreover, separate t-
tests were performed in order to analyze the effect of interventions for each group separately.
The alpha level was fixed at p < .05 (two-tailed).
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3. Results
3.1 Manipulation check of biofeedback training

Comparison of the percent correct responses in the training blocks showed a significant main
effects of block, (F(1.505,43.649) = 5.77, p = .011, npz =0.17) and a main effect of phase (F
(1,29) = 120.91, p < .001, 7,” = 0.81), but no interaction effect (F(2,58) = 0.925, p = 402, 1,” =
0.03). Similar to Meyerholz et al. [1], Bonferroni corrected pairwise comparisons indicated
that the percentage of correct reactions improved significantly from block 1 (M = 55.37%,

SD =19.62) to block 3 (M = 65.90%, SD = 17.36; p = .027), which indicates the expected train-
ing effects. There were relatively more correct reactions in the phase with visual feedback

(M = 76.45%, SD = 16.94) than without (M = 45.14%, SD = 14.93).

3.2 Effects of biofeedback training and slow breathing on cardiac
interoception

Although the main effect of time was not significant (F(1,90) = 3.129, Wilks A = .966, p = .080,
1, =.034), on a descriptive level performance increased from pre (M = 0.24, SD = 0.66) to
post intervention (M = 0.39, SD = 0.71). Importantly, no significant interaction of group by
time was found (F(2,90) = 0.020, Wilks A = 1.000, p = .980, np2 =.000) as well as no main effect
of group (F(2,90) = 1.717, p = .185, np2 =.04). Separate t-tests for the two intervention condi-
tions were non-significant (all ps>.293; see Table 2). The observed biofeedback training effect
of d = 0.15 seems to be over 20 million times more consistent with the null hypothesis than
with a large effect of d = 1.21, reported by Meyerholz et al. [1]. (The likelihood to observe a

d = 0.15 when d,,,,. = 0 is 0.277 and the likelihood to observe d = 0.15 when d,,,,. = 1.21 is
1.372°107%. The resulting likelihood ratio is therefore 20,189,504; see S1 Fig for the likelihood
ratio distribution of observed data under an alternative vs. under the null hypothesis). In line
with this, the Bayes factor of 0.26 strongly supports the null hypothesis for the observed bio-
feedback training effect [38].

Although the metacognitive performance revealed no interaction effect (F(2,90) = 1.348,
Wilks A = .971, p = .265, ,” = .03), it significantly increased from pre- to post-intervention
(F(1,90) = 9.938, Wilks A = .901, p = .002, 17,” = .10; see Fig 3). The main effect group was not
significant (F(2,90) = 0.128, p = .880, npz =.00).

Importantly, the change in interoceptive accuracy and metacognition from pre- to post-
intervention was neither associated with performance in any training-block, nor with the
training-effect from blockl to block3 (ps>.216). None of the interoceptive awareness factors

Table 2. Observed means and standard deviations at pre-intervention and post-intervention for the intervention groups.

Measure Group Pre-intervention Post-intervention Within-group ESs (Cohen’s | Between-group ESs (Cohen’s
d, Pre to Post) d, Intervention to Control)
Mean SD Mean SD d (95% CI) d (95% CI)

D-Prime Contingent biofeedback 0.37 0.77 0.49 0.76 0.15 -0.21-0.50 0.40 -0.12-0.90
Coherent breathing 0.25 0.58 0.41 0.84 0.19 -0.16-0.54 0.25 -0.25-0.75
Control condition 0.09 0.59 0.25 0.46 0.23 -0.14-0.59

Metacognition Contingent biofeedback 0.51 0.11 0.57 0.11 0.49 0.11-0.86 0.14 -0.37-0.64
Coherent breathing 0.53 0.11 0.54 0.09 0.10 -0.25-0.44 -0.19 -.69-0.31
Control condition 0.51 0.09 0.56 0.11 0.40 0.03-0.77

Note. Between-group effect sizes were calculated for the difference between an intervention group (i.e., contingent biofeedback and coherent breathing) and the control
condition group, separately. All effect sizes and CIs were estimated by means of the R package MOTE (version 1.0.2; [39]).

https://doi.org/10.1371/journal.pone.0248246.t1002
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was associated with interoceptive accuracy or changes in thereof (ps>.124). Only the subscale
trusting showed a weak but significant association with metacognition before intervention (r =
-.23, p =.029), but not after intervention (r = .07, p = .495).

4. Discussion

The aim of this research was to replicate the beneficial effect of a contingent biofeedback train-
ing on cardiac interoceptive skills [1]. Although we used the same biofeedback training and
participants showed the expected increase of correct responses during this training, we did not
observe the expected transfer-effect from the biofeedback training to the heartbeat discrimina-
tion task, which was expected to be an increase in interoceptive accuracy. This argues against
the conclusion of Meyerholz et al. [1], thus suggesting that contingent cardiac biofeedback
seems to not improve cardiac interoceptive accuracy (and neither metacognition).

Therefore, the findings of Meyerholz et al. [1] should be re-interpreted in terms of a within-
task effect of training, which is not necessarily accompanied by an increase of cardiac intero-
ception. As the authors discussed themselves, the direct feedback of participants’ heartbeats
during the training might have changed participants’ knowledge leading to a better estimation
of heart rate [40]. This interpretation is likely, since participants can achieve high scores in the
tracking task without perceiving their heartbeats, but by guessing and estimating [4, 7, 8, 41].
In contrast, interoceptive accuracy derived from the heartbeat discrimination task has been
considered largely independent of beliefs, knowledge, and the strategy to guess [4, 10]. The
absence of an association pattern between the factors of the self-reported interoceptive
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awareness (MAIA) and the performance measure in the present study is in accordance with
this [15, 42]. We only found one association between metacognition before intervention and
the subscale trusting (out of 16; 8 subscales and two metacognition scores). Participants, who
trusted their interoceptive perceptions more might be slightly more convinced to perceive (or
not to perceive) their heartbeats, although their interoceptive accuracy is not different from
others. This might indicate some validity of the measures. However, applying the type II
receiver operating characteristic curve as a measure of metacognition has also been criticized
[32]. Nevertheless, using the meta d-prime [32, 43] as an alternative index of metacognition
resulted in a similar pattern of findings. All effects were non-significant (all ps>.082).

Nevertheless, it should be emphasized that the present study does not falsify the findings of
Meyerholz et al. [1], but rather complement them. Since this is a conceptual replication, the
findings argue against the interpretation of an overall-effect on cardiac interoceptive accuracy
[1]. If a contingent training would be effective over and above a mere training on the task, a
transfer-effect should have occurred, and the training should have led to a significant increase
in accuracy in the applied heartbeat discrimination task. The present null effect of the
between-within interaction (f = .00) indicated no specific effect of biofeedback training. Fur-
thermore, the observed intervention effect of d = .15 is much less consistent with the findings
of Meyerholz et al. [1] as compared to the null-hypothesis. This convincingly indicates no gen-
eral enhancing effects of the applied biofeedback training on cardiac sensation, which is in
accordance with Phillips and colleagues [4]. These authors showed specific performance
changes after (false) feedback-training in the heartbeat tracking task, while the discrimination
task was unaffected. In a similar vein, Ring et al. [41] indicated that contingent and non-con-
tingent feedback led to a comparable performance increase in the heartbeat tracking task.
Until today, only Meyerholz et al. [1] reported a specific performance increase in a tracking
task after a contingent training. However, the tracking task alone might not be a valid indicator
for heartbeat perception, an assumption strengthened by the regular observation of a weak
association between performance measures of the heartbeat tracking and the discrimination
task [4, 15, 29, 40].

Similar to the feedback training, the coherent breathing condition showed no effects on
interoceptive accuracy and metacognitive awareness. Probably, this training was too short or
too difficult to change the blood-flow in brain areas related to interoception [17]. Nevertheless,
the absence of a performance increase argues against a strong optimization effect of the current
breathing intervention [18, 34] and future studies should probably apply trainings with longer
durations [44] or should investigate coherent breathing as an acute strategy to modulate car-
diac perception.

A further limitation of the present study is that beside the heartbeat tracking task also the
heartbeat discrimination task has been criticized [45]. The major weakness of this task is that
individuals largely differ in the way they perceive delayed feedback as synchronous with their
heartbeats or not [45]. This might explain why only one of three (to four) participants can
solve the heartbeat discrimination task adequately [45, 46]. Nevertheless, Wiens et al. [47]
indicted that most individuals perceive intervals of about 200ms as synchronous and shorter
as well as longer intervals more likely as asynchronous [48]. The applied discrimination task
was grounded on this evidence.

4.1 Conclusions

Brief interventions such as biofeedback training and coherent breathing may not strongly alter
cardiac interoceptive accuracy and metacognition. Potential training effects seem to depend
on the specific task applied but not the phenomenon of cardiac sensations itself. Therefore,
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future studies should use different tasks assessing complementary aspects of cardiac interocep-
tion simultaneously in order to investigate interoceptive accuracy and metacognition in more
detail.

4.2 Registration

This study was pre-registered in the Open Science Framework (OSF, https://ost.io/9fxn6;
doi:10.17605/OSF.I0/9FXN6)

Supporting information

S1 Dataset.
(XLSX)

S1 Fig. Hypotheses chart. Distribution of likelihood ratios for observed data under an alterna-
tive hypothesis vs. under the null hypothesis. The graph is based on an adapted R script pro-
vided by Uri Simonsohn (see http://datacolada.org/appendix/78/hypchart%20post%202019%
2009%2011.R). The inverse value of the presented likelihood ratio represents the ratio that

data are more likely under the null hypothesis vs. under an alternative hypothesis (e.g.,
d=121).
(DOCX)

Author Contributions

Conceptualization: Thilo Michael Graffimann.

Data curation: Christian Rominger, Thilo Michael Grafimann.

Formal analysis: Christian Rominger, Thilo Michael Graflimann, Andreas R. Schwerdtfeger.
Investigation: Thilo Michael Grafimann.

Methodology: Thilo Michael Grafimann.

Project administration: Andreas R. Schwerdtfeger.

Resources: Andreas R. Schwerdtfeger.

Software: Bernhard Weber.

Supervision: Andreas R. Schwerdtfeger.

Validation: Christian Rominger.

Visualization: Christian Rominger, Thilo Michael Graflimann, Andreas R. Schwerdtfeger.
Writing - original draft: Christian Rominger, Andreas R. Schwerdtfeger.

Writing - review & editing: Christian Rominger, Thilo Michael Grafimann, Andreas R.
Schwerdtfeger.

References

1.  Meyerholz L, Irzinger J, Witthéft M, Gerlach AL, Pohl A. Contingent biofeedback outperforms other
methods to enhance the accuracy of cardiac interoception: A comparison of short interventions. Journal
of Behavior Therapy and Experimental Psychiatry. 2019; 63:12—20. https://doi.org/10.1016/j.jbtep.
2018.12.002 PMID: 30557753.

2. Schandry R. Heart beat perception and emotional experience. Psychophysiol. 1981; 18:483-8. https:/
doi.org/10.1111/j.1469-8986.1981.tb02486.x PMID: 7267933

PLOS ONE | https://doi.org/10.1371/journal.pone.0248246 March 16, 2021 10/13


https://osf.io/9fxn6;doi:10.17605/OSF.IO/9FXN6
https://osf.io/9fxn6;doi:10.17605/OSF.IO/9FXN6
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248246.s001
http://www.plosone.org/article/fetchSingleRepresentation.action?uri=info:doi/10.1371/journal.pone.0248246.s002
http://datacolada.org/appendix/78/hypchart%20post%202019%2009%2011.R
http://datacolada.org/appendix/78/hypchart%20post%202019%2009%2011.R
https://doi.org/10.1016/j.jbtep.2018.12.002
https://doi.org/10.1016/j.jbtep.2018.12.002
http://www.ncbi.nlm.nih.gov/pubmed/30557753
https://doi.org/10.1111/j.1469-8986.1981.tb02486.x
https://doi.org/10.1111/j.1469-8986.1981.tb02486.x
http://www.ncbi.nlm.nih.gov/pubmed/7267933
https://doi.org/10.1371/journal.pone.0248246

PLOS ONE

Does contingent biofeedback improve cardiac interoception?

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22,

Dale A, Anderson D. Information variables in voluntary control and classical conditioning of heart rate:
Field dependence and heart-rate perception. Percept Mot Skills. 1978; 47:79-85. https://doi.org/10.
2466/pms.1978.47.1.79 PMID: 704264

Phillips GC, Jones GE, Rieger EJ, Snell JB. Effects of the presentation of false heart-rate feedback on
the performance of two common heartbeat-detection tasks. Psychophysiology. 1999; 36:504—10.
https://doi.org/10.1017/s0048577299980071 PMID: 10432800.

Windmann S, Schonecke OW, Frohlig G, Maldener G. Dissociating beliefs about heart rates and actual
heart rates in patients with cardiac pacemakers. Psychophysiology. 1999; 36:339—42. https://doi.org/
10.1017/s0048577299980381 PMID: 10352557.

Ring C, Brener J. Heartbeat counting is unrelated to heartbeat detection: A comparison of methods to
quantify interoception. Psychophysiology. 2018; 55:e13084. https://doi.org/10.1111/psyp.13084 PMID:
29633292.

Zamariola G, Maurage P, Luminet O, Corneille O. Interoceptive accuracy scores from the heartbeat
counting task are problematic: Evidence from simple bivariate correlations. Biol Psychol. 2018;
137:12—7. https://doi.org/10.1016/j.biopsycho.2018.06.006 PMID: 29944964.

Desmedt O, Luminet O, Corneille O. The heartbeat counting task largely involves non-interoceptive pro-
cesses: Evidence from both the original and an adapted counting task. Biol Psychol. 2018; 138:185-8.
https://doi.org/10.1016/j.biopsycho.2018.09.004 PMID: 30218689.

Ainley V, Tsakiris M, Pollatos O, Schulz A, Herbert BM. Comment on « Zamariola et al. (2018), Intero-
ceptive Accuracy Scores are Problematic: Evidence from Simple Bivariate Correlations”-The empirical
data base, the conceptual reasoning and the analysis behind this statement are misconceived and do
not support the authors’ conclusions. Biol Psychol. 2020; 152:107870. https://doi.org/10.1016/j.
biopsycho.2020.107870 PMID: 32061687.

Whitehead WE, Drescher VM, Heiman P, Blackwell B. Relation of heart rate control to heartbeat per-
ception. Appl Psychophysiol Biofeedback. 1977; 2:371-92. https://doi.org/10.1007/BF00998623
PMID: 612350

Couto B, Adolfi F, Sedefio L, Salles A, Canales-Johnson A, Alvarez-Abut P, et al. Disentangling intero-
ception: insights from focal strokes affecting the perception of external and internal milieus. Front Psy-
chol. 2015; 6:503. https://doi.org/10.3389/fpsyg.2015.00503 PMID: 25983697.

Aspell JE, Heydrich L, Marillier G, Lavanchy T, Herbelin B, Blanke O. Turning body and self inside out:
Visualized heartbeats alter bodily self-consciousness and tactile perception. Psychological Science.
2013; 24:2445-53. https://doi.org/10.1177/0956797613498395 PMID: 24104506.

Khalsa SS, Lapidus RC. Can interoception improve the pragmatic search for biomarkers in psychiatry.
Front Psychiatry. 2016; 7:121. https://doi.org/10.3389/fpsyt.2016.00121 PMID: 27504098.

Jones GE. Perception of visceral sensations: A review of recent findings, methodologies, and future
directions. Advances in psychophysiology: A research annual, Vol. 5. London, England: Jessica Kings-
ley Publishers; 1994. pp. 55-191.

Garfinkel SN, Seth AK, Barrett AB, Suzuki K, Critchley HD. Knowing your own heart: distinguishing
interoceptive accuracy from interoceptive awareness. Biological Psychol. 2015; 104:65-74. https://doi.
org/10.1016/j.biopsycho.2014.11.004 PMID: 25451381.

Fleming SM, Weil RS, Nagy Z, Dolan RJ, Rees G. Relating introspective accuracy to individual differ-
ences in brain structure. Science. 2010; 329:1541-3. https://doi.org/10.1126/science.1191883 PMID:
20847276.

Vaschillo E, Vaschillo B, Buckman J, Bates M. New approach for brain stimulation. Brain Stimulation.
2019; 12:393. hitps://doi.org/10.1016/j.brs.2018.12.263

Schwerdtfeger AR, Schwarz G, Pfurtscheller K, Thayer JF, Jarczok MN, Pfurtscheller G. Heart rate var-
iability (HRV): From brain death to resonance breathing at 6 breaths per minute. Clin Neurophysiol.
2020; 131:676-93. https://doi.org/10.1016/j.clinph.2019.11.013 PMID: 31978852.

Lehrer P, Kaur K, Sharma A, Shah K, Huseby R, Bhavsar J, et al. Heart rate variability biofeedback
improves emotional and physical health and performance: A systematic review and meta analysis. Appl
Psychophysiol Biofeedback. 2020; 45:109-29. https://doi.org/10.1007/s10484-020-09466-z PMID:
32385728.

Lehrer PM, Gevirtz R. Heart rate variability biofeedback: how and why does it work. Front Psychol.
2014; 5:756. https://doi.org/10.3389/fpsyg.2014.00756 PMID: 25101026.

McCraty R, Atkinson M, Tomasino D, Bradley R. The coherent heart: heart- brain interactions, psycho-
physiological coherence, and the emergence of system-wide order. Integral Review. 2009; 5:10-115.

Monti A, Porciello G, Tieri G, Aglioti SM. The “embreathment” illusion highlights the role of breathing in
corporeal awareness. Journal of Neurophysiology. 2020; 123:420-7. https://doi.org/10.1152/jn.00617.
2019 PMID: 31800367.

PLOS ONE | https://doi.org/10.1371/journal.pone.0248246 March 16, 2021 11/13


https://doi.org/10.2466/pms.1978.47.1.79
https://doi.org/10.2466/pms.1978.47.1.79
http://www.ncbi.nlm.nih.gov/pubmed/704264
https://doi.org/10.1017/s0048577299980071
http://www.ncbi.nlm.nih.gov/pubmed/10432800
https://doi.org/10.1017/s0048577299980381
https://doi.org/10.1017/s0048577299980381
http://www.ncbi.nlm.nih.gov/pubmed/10352557
https://doi.org/10.1111/psyp.13084
http://www.ncbi.nlm.nih.gov/pubmed/29633292
https://doi.org/10.1016/j.biopsycho.2018.06.006
http://www.ncbi.nlm.nih.gov/pubmed/29944964
https://doi.org/10.1016/j.biopsycho.2018.09.004
http://www.ncbi.nlm.nih.gov/pubmed/30218689
https://doi.org/10.1016/j.biopsycho.2020.107870
https://doi.org/10.1016/j.biopsycho.2020.107870
http://www.ncbi.nlm.nih.gov/pubmed/32061687
https://doi.org/10.1007/BF00998623
http://www.ncbi.nlm.nih.gov/pubmed/612350
https://doi.org/10.3389/fpsyg.2015.00503
http://www.ncbi.nlm.nih.gov/pubmed/25983697
https://doi.org/10.1177/0956797613498395
http://www.ncbi.nlm.nih.gov/pubmed/24104506
https://doi.org/10.3389/fpsyt.2016.00121
http://www.ncbi.nlm.nih.gov/pubmed/27504098
https://doi.org/10.1016/j.biopsycho.2014.11.004
https://doi.org/10.1016/j.biopsycho.2014.11.004
http://www.ncbi.nlm.nih.gov/pubmed/25451381
https://doi.org/10.1126/science.1191883
http://www.ncbi.nlm.nih.gov/pubmed/20847276
https://doi.org/10.1016/j.brs.2018.12.263
https://doi.org/10.1016/j.clinph.2019.11.013
http://www.ncbi.nlm.nih.gov/pubmed/31978852
https://doi.org/10.1007/s10484-020-09466-z
http://www.ncbi.nlm.nih.gov/pubmed/32385728
https://doi.org/10.3389/fpsyg.2014.00756
http://www.ncbi.nlm.nih.gov/pubmed/25101026
https://doi.org/10.1152/jn.00617.2019
https://doi.org/10.1152/jn.00617.2019
http://www.ncbi.nlm.nih.gov/pubmed/31800367
https://doi.org/10.1371/journal.pone.0248246

PLOS ONE

Does contingent biofeedback improve cardiac interoception?

23.

24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42,

43.

44,

Mindfulness Gibson J., interoception, and the body: A Contemporary perspective. Front Psychol. 2019;
10:2012. https://doi.org/10.3389/fpsyg.2019.02012 PMID: 31572256.

Faul F, Erdfelder E, Lang A-G, Buchner A. G*Power 3: A flexible statistical power analysis program for
the social, behavioral, and biomedical sciences. Behav Res. 2007; 39:175-91. https://doi.org/10.3758/
BF03193146 PMID: 17695343

Nuijten MB, van Assen MALM, Veldkamp CLS, Wicherts JM. The replication paradox: Combining stud-
ies can decrease accuracy of effect size estimates. Review of General Psychology. 2015; 19:172-82.
https://doi.org/10.1037/gpr0000034

Schéfer T, Schwarz MA. The meaningfulness of effect sizes in psychological research: Differences
between sub-disciplines and the impact of potential biases. Front Psychol. 2019; 10:813. https://doi.
org/10.3389/fpsyg.2019.00813 PMID: 31031679.

Mehling WE, Price C, Daubenmier JJ, Acree M, Bartmess E, Stewart A. The Multidimensional Assess-
ment of Interoceptive Awareness (MAIA). PLoS ONE. 2012; 7:e48230. https://doi.org/10.1371/journal.
pone.0048230 PMID: 23133619.

Peirce JW. PsychoPy-Psychophysics software in Python. Journal of Neuroscience Methods. 2007;
162:8—13. https://doi.org/10.1016/j.jneumeth.2006.11.017 PMID: 17254636.

Michal M, Reuchlein B, Adler J, Reiner |, Beutel ME, Végele C, et al. Striking discrepancy of anomalous
body experiences with normal interoceptive accuracy in depersonalization-derealization disorder. PLoS
ONE. 2014; 9:e89823. https://doi.org/10.1371/journal.pone.0089823 PMID: 24587061.

Schwerdtfeger AR, Heene S, Messner E-M. Interoceptive awareness and perceived control moderate
the relationship between cognitive reappraisal, self-esteem, and cardiac activity in daily life. Int J Psy-
chophysiol. 2019; 141:84-92. https://doi.org/10.1016/j.ijpsycho.2019.04.003 PMID: 30965059.

Kleckner IR, Wormwood JB, Simmons WK, Barrett LF, Quigley KS. Methodological recommendations
for a heartbeat detection-based measure of interoceptive sensitivity. Psychophysiology. 2015;
52:1432-40. https://doi.org/10.1111/psyp.12503 PMID: 26265009.

Fleming SM, Lau HC. How to measure metacognition. Front Hum Neurosci. 2014; 8:443. https://doi.
org/10.3389/fnhum.2014.00443 PMID: 25076880.

Canales-Johnson A, Silva C, Huepe D, Rivera-Rei A, Noreika V, Garcia MdC, et al. Auditory feedback
differentially modulates behavioral and neural markers of objective and subjective performance when
tapping to your heartbeat. Cereb Cortex. 2015; 25:4490-503. https://doi.org/10.1093/cercor/bhv076
PMID: 25899708.

Zaccaro A, Piarulli A, Laurino M, Garbella E, Menicucci D, Neri B, et al. How breath-control can change
your life: A systematic review on psycho-physiological correlates of slow breathing. Front Hum Neu-
rosci. 2018; 12:353. https://doi.org/10.3389/fnhum.2018.00353 PMID: 30245619.

Bornemann B, Herbert BM, Mehling WE, Singer T. Differential changes in self-reported aspects of inter-
oceptive awareness through 3 months of contemplative training. Front Psychol. 2014; 5:1504. https://
doi.org/10.3389/fpsyg.2014.01504 PMID: 25610410.

Laux L, Hock M, Bergner-Koether R, Hodapp V, Renner KH. Das State-Trait-Angst-Depressions-Inven-
tar [the state-trait anxiety-depression inventory]. Goéttingen: Hogrefe; 2013.

Spielberger CD, Gorsuch RL, Lushene RE. State-Trait Anxiety Inventory, Manual for the State-Trait
Anxiety Inventory. Paulo Alto CA: Consulting Psychologist Press; 1970.

Morey RD, Rouder JN. Bayes factor approaches for testing interval null hypotheses. Psychol Methods.
2011; 16:406—19. Epub 2011/07/25. https://doi.org/10.1037/a0024377 PMID: 21787084.

Bauchanan EM, Gillenwaters AM, Scofield JE, Valentine KD. MOTE: Effect size and confidence interval
calculator; 2019.

Knoll JF, Hodapp V. A comparison between two methods for assessing heartbeat perception. Psycho-
physiol. 1992; 29:218-22. https://doi.org/10.1111/j.1469-8986.1992.tb01689.x PMID: 1635964

Ring C, Brener J, Knapp K, Mailloux J. Effects of heartbeat feedback on beliefs about heart rate and
heartbeat counting: a cautionary tale about interoceptive awareness. Biol Psychol. 2015; 104:193-8.
https://doi.org/10.1016/j.biopsycho.2014.12.010 PMID: 25553874.

Mehling WE, Acree M, Stewart A, Silas J, Jones A. The multidimensional assessment of interoceptive
awareness, version 2 (MAIA-2). PLoS ONE. 2018; 13:e0208034. https://doi.org/10.1371/journal.pone.
0208034 PMID: 30513087.

Maniscalco B, Lau H. Signal detection theory analysis of type 1 and type 2 data: Meta-d’, response-spe-
cific meta-d’, and the unequal variance SDT model. In: Fleming SM, editor. The cognitive neuroscience
of metacognition. Berlin, Heidelberg: Springer; 2014. pp. 25-66.

Tatschl JM, Hochfellner SM, Schwerdtfeger AR. Implementing mobile HRV biofeedback as adjunctive
therapy during inpatient psychiatric rehabilitation facilitates recovery of depressive symptoms and

PLOS ONE | https://doi.org/10.1371/journal.pone.0248246 March 16, 2021 12/13


https://doi.org/10.3389/fpsyg.2019.02012
http://www.ncbi.nlm.nih.gov/pubmed/31572256
https://doi.org/10.3758/BF03193146
https://doi.org/10.3758/BF03193146
http://www.ncbi.nlm.nih.gov/pubmed/17695343
https://doi.org/10.1037/gpr0000034
https://doi.org/10.3389/fpsyg.2019.00813
https://doi.org/10.3389/fpsyg.2019.00813
http://www.ncbi.nlm.nih.gov/pubmed/31031679
https://doi.org/10.1371/journal.pone.0048230
https://doi.org/10.1371/journal.pone.0048230
http://www.ncbi.nlm.nih.gov/pubmed/23133619
https://doi.org/10.1016/j.jneumeth.2006.11.017
http://www.ncbi.nlm.nih.gov/pubmed/17254636
https://doi.org/10.1371/journal.pone.0089823
http://www.ncbi.nlm.nih.gov/pubmed/24587061
https://doi.org/10.1016/j.ijpsycho.2019.04.003
http://www.ncbi.nlm.nih.gov/pubmed/30965059
https://doi.org/10.1111/psyp.12503
http://www.ncbi.nlm.nih.gov/pubmed/26265009
https://doi.org/10.3389/fnhum.2014.00443
https://doi.org/10.3389/fnhum.2014.00443
http://www.ncbi.nlm.nih.gov/pubmed/25076880
https://doi.org/10.1093/cercor/bhv076
http://www.ncbi.nlm.nih.gov/pubmed/25899708
https://doi.org/10.3389/fnhum.2018.00353
http://www.ncbi.nlm.nih.gov/pubmed/30245619
https://doi.org/10.3389/fpsyg.2014.01504
https://doi.org/10.3389/fpsyg.2014.01504
http://www.ncbi.nlm.nih.gov/pubmed/25610410
https://doi.org/10.1037/a0024377
http://www.ncbi.nlm.nih.gov/pubmed/21787084
https://doi.org/10.1111/j.1469-8986.1992.tb01689.x
http://www.ncbi.nlm.nih.gov/pubmed/1635964
https://doi.org/10.1016/j.biopsycho.2014.12.010
http://www.ncbi.nlm.nih.gov/pubmed/25553874
https://doi.org/10.1371/journal.pone.0208034
https://doi.org/10.1371/journal.pone.0208034
http://www.ncbi.nlm.nih.gov/pubmed/30513087
https://doi.org/10.1371/journal.pone.0248246

PLOS ONE Does contingent biofeedback improve cardiac interoception?

enhances autonomic functioning short-term: A 1-Year Pre—Post-intervention follow-up pilot study. Front
Neurosci. 2020; 14. https://doi.org/10.3389/fnins.2020.00738 PMID: 32792897

45. Brenerd, Ring C. Towards a psychophysics of interoceptive processes: The measurement of heartbeat
detection. Philos Trans R Soc Lond, B, Biol Sci. 2016; 371. https://doi.org/10.1098/rstb.2016.0015
PMID: 28080972.

46. BrenerJ, Liu X, Ring C. A method of constant stimuli for examining heartbeat detection: comparison
with the Brener-Kluvitse and Whitehead methods. Psychophysiology. 1993; 30:657—65. https://doi.org/
10.1111/j.1469-8986.1993.tb02091.x PMID: 8248457.

47. Wiens S, Palmer SN. Quadratic trend analysis and heartbeat detection. Biological Psychol. 2001;
58:159-75. https://doi.org/10.1016/s0301-0511(01)00110-7 PMID: 11600243

48. BrenerJ, Kluvitse C. Heartbeat detection: Judgments of the simultaneity of external stimuli and heart-
beats. Psychophysiology. 1988; 25:554—61. https://doi.org/10.1111/j.1469-8986.1988.tb01891.x
PMID: 3186884.

PLOS ONE | https://doi.org/10.1371/journal.pone.0248246 March 16, 2021 13/13


https://doi.org/10.3389/fnins.2020.00738
http://www.ncbi.nlm.nih.gov/pubmed/32792897
https://doi.org/10.1098/rstb.2016.0015
http://www.ncbi.nlm.nih.gov/pubmed/28080972
https://doi.org/10.1111/j.1469-8986.1993.tb02091.x
https://doi.org/10.1111/j.1469-8986.1993.tb02091.x
http://www.ncbi.nlm.nih.gov/pubmed/8248457
https://doi.org/10.1016/s0301-0511%2801%2900110-7
http://www.ncbi.nlm.nih.gov/pubmed/11600243
https://doi.org/10.1111/j.1469-8986.1988.tb01891.x
http://www.ncbi.nlm.nih.gov/pubmed/3186884
https://doi.org/10.1371/journal.pone.0248246

